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HIGHLIGHTS 


►  All  (Ni)MnOx  catalysts  are  active  for  the  oxygen  reduction  reaction. 

►  Ni  segregate  phases  contribute  to  the  BOR  and  the  heterogeneous  hydrolysis  of  BH4. 

►  (Ni)MnOx  dispersed  on  E350G  and  MM225  carbons  are  not  tolerant  to  BH4. 

►  Low  Ni-content  (Ni)MnOx  dispersed  on  M1000  carbon  is  tolerant  to  BH4. 
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The  electrocatalytic  activity  for  the  oxygen  reduction  reaction  of  nickel-doped  MnOx  nanoparticles, 
dispersed  onto  different  carbon  powders  (M1000,  MM225  and  E350)  is  studied  in  alkaline  media  in  the 
presence  of  borohydride  ions.  Differential  electrochemical  mass  spectrometry  (DEMS)  is  used  to  quantify 
the  H2  yields  coming  from  the  borohydride  hydrolysis  as  a  function  of  the  electrode  potential.  The 
polarization  results  show  that  materials  containing  Ni  segregate  phases  present  significant  Faradaic 
currents  for  the  borohydride  oxidation,  while  the  on-line  DEMS  results  clearly  evidence  the  production  of 
H2.  For  these  electrocatalysts,  the  presence  of  BH4  induces  a  decrease  of  the  overall  ORR  activity,  and  this 
is  assigned,  into  a  large  extent,  to  a  superposition  of  the  ORR  reduction  currents  with  the  currents  related 
to  the  direct  borohydride  oxidation.  This  effect  is  far  more  pronounced  for  the  electrocatalyst  dispersed 
onto  the  E350  carbon.  On  the  contrary,  materials  dispersed  onto  M1000  carbon  and  without  Ni  segre¬ 
gated  phases  seem  tolerant  to  the  presence  of  BH4  ions.  Therefore,  these  materials  may  be  an  alternative 
to  be  used  as  cathode  electrocatalysts  of  direct  borohydride  fuel  cells. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  the  past  few  years,  the  increasing  demand  for  portable  elec¬ 
tronic  devices  has  stimulated  the  research  for  efficient,  clean  and 
high  energy  density  electrical  power  sources  such  as  fuel  cells.  In 
particular,  alkaline  fuel  cells  (AFC)  present  two  major  advantages 
over  proton  exchange  membrane  fuel  cells  [1,2]:  (i)  most  reaction 
kinetics  are  faster  in  alkaline  than  in  acid  media;  (ii)  it  is  possible  to 
use  non-noble  electrocatalysts  without  detrimental  performance 
and  stability  losses.  Normally,  AFC  are  feed  with  hydrogen  at  the 
anode  and  oxygen  at  the  cathode;  the  main  problem  with  this  is 
related  to  the  hydrogen  production  and  storage  systems  that 
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complicate  the  fuel  cell  use  in  portable  devices.  It  is  considered  that 
employing  a  liquid  fuel  to  replace  hydrogen  for  feeding  the  fuel  cell 
anode  would  have  many  advantages  in  terms  of  the  system 
simplicity,  mass  and  volume,  as  well  as  for  safety  reasons  [3],  which 
is  mandatory  for  nomad  electronic  devices.  Flowever,  liquid  fuels 
usually  suffer  major  drawbacks;  their  electro-oxidation  is  generally 
slower  than  that  of  hydrogen  and  irreversible,  as  is  the  case  of 
methanol  [3,4]  or  ethylene  glycol  [5],  Moreover,  these  liquid  fuels 
can  diffuse  through  the  electrolyte  from  the  anode  to  the  cathode 
and  this  process  known  as  fuel  crossover,  greatly  influences  the 
oxygen  reduction  completion/kinetics  [6]. 

Sodium  borohydride  (NaBH4)  may  be  an  alternative  fuel,  thanks 
to  its  high  capacity  and  energy  density.  Moreover,  this  fuel  is  non¬ 
toxic,  easily  stored  as  a  powder  and  relatively  stable  in  alkaline 
solution  [7],  Amendola  was  the  first  that  showed  interest  in  the 
tetrahydroborate  anion  (BFI4)  direct  oxidation  in  a  fuel  cell  anode 
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instead  of  hydrogen  [8],  The  anode  compartment  of  the  so-called 
direct  borohydride  fuel  cell  (DBFC)  is  then  fed  with  an  alkaline 
solution  of  sodium  borohydride,  which  may  suffer  spontaneous 
reaction  with  water  for  pH  <  12,  but  is  rather  stable  regarding  such 
homogeneous  hydrolysis  above  pH  12  [9,10],  However,  the  boro¬ 
hydride  oxidation  reaction  (BOR)  is  a  complex  eight-electron 
process  [7,11]  (Eq.  (1))  and  its  kinetics  and  mechanistic  pathways 
depend  on  several  variables  such  as  the  composition  of  the  solution 
(pH,  [BH4],  etc.),  the  catalyst  material  and  the  temperature  [12], 

BH4  +  80H~  -*B02  +  6H20  +  8e  E0  =  -1.24VNHE  (1) 

Nevertheless,  depending  on  the  electrode  material  (example  Au 
and  Pt),  the  eight-electron  BOR  may  compete  with  the  quasi- 
spontaneous  heterogeneous  hydrolysis  of  Eq.  (2)  at  the  electrode 
[12]. 


Table  1 

Composition  (obtained  by  ICP-AES  analyses),  and  presence/absence  of  Ni  segregated 
phase  (as  detected  from  XRD)  for  the  various  NiMnO*-based  materials  [21  ].  The  wL% 
Mn02  values  were  calculated  assuming  that  each  Mn  atom  is  combined  with  2  0 
atoms  to  form  a  Mn02  moiety. 


Catalyst/ 

Carbons 


Ml  000  - 
2.0  g  Ni 
Ml  000  - 
0.2  g  Ni 
MM225  - 
0.2  g  Ni 
E350- 
0.2  g  Ni 


Composition 
wt.%  wt.%  wt.% 

Ni  Mn  Mn02 

~Z2  8i  13.6 

0.5  11.6  18.4 

0.7  18.0  28.3 
0.3  12.8  20.2 


Presence  of  Ni  segregated 

- - Phase  (XRD) 

Mn02  +  Ni 
16.0  Yes 

19.0  No 

29.0  Yes 

20.5  Yes 


BH4  +  2H20— *BC>2  +  4H2  (2) 

The  occurrence  of  this  latter  reaction  actually  lowers  the  prac¬ 
tical  number  of  electrons  exchanged  per  BH4  anion  because  it 
generates  H2  at  a  rather  uncontrolled  rate,  some  of  which  being 
prone  to  evolve  away  from  the  electrode  without  being  oxidized.  As 
a  result,  the  overall  Faradaic  efficiency  of  the  electrocatalyst 
decreases  [13].  On  the  contrary,  if  the  residence  time  of  the 
hydrogen  gas  generated  by  the  heterogeneous  hydrolysis  increase 
in  the  electrocatalytic  site,  and  if  the  electrocatalyst  is  capable  of 
oxidizing  H2  (Eq.  (3)),  higher  Faradaic  efficiency  can  be  obtained,  as 
demonstrated  by  Chatenet  et  al.  for  Pt/C  active  layers  of  various 
thicknesses  [14,16], 

H2  +  20H  — »2H20  +  2  e~,E0  =  -0.83  VNHE  (3) 

Another  issue  related  to  the  DBFC  is  linked  to  the  BH4  crossover 
to  the  cathode  compartment,  as  mentioned  above  for  other  direct 
liquid  fuel  cells.  This  issue  was  already  studied  in  a  previous  paper, 
where  nanometric  MnOx/C,  either  undoped  or  doped  by  magne¬ 
sium  cations  included  in  the  MnOx  lattice  was  investigated  as 
electrocatalyst  for  the  oxygen  reduction  reaction  (ORR)  in  the 
presence  of  BH4 .  It  was  found  that  these  materials  could  consist  of 
relevant  ORR  electrocatalysts  in  BH4  containing  alkaline  solution, 
since  they  seemed  rather  tolerant  to  borohydride  species  [16,17], 
The  present  contribution  reports  the  use  of  nickel-doped  Mn02- 
catalysts  supported  on  different  types  of  high-surface  area  carbon 
substrates  as  electrocatalysts  for  the  ORR  in  the  presence  of  sodium 
borohydride.  These  electrocatalysts  have  shown  very  high  elec¬ 
trocatalytic  activity  for  ORR  [19]  and  it  would  be  of  interest  to  check 
the  influences  of  (i)  doping  the  MnOx  phase  with  nickel  cations  and 
(ii)  using  different  types  of  carbon  supports,  on  the  electro¬ 
oxidation  and/or  the  catalytic  decomposition  of  BH4  anions 
[17,18],  as  well  as  on  tolerance  of  the  ORR  to  the  presence  of  BH4.  Ni 
has  been  chosen  as  dopant  for  MnOx/C,  because  it  stabilizes  the 
MnIV/Mnm  transition,  which  is  an  active  center  for  the  ORR  [19,20], 
In  addition,  the  4-electron  ORR  pathway  is  favored  in  such  mate¬ 
rials  [19,21], 

The  present  paper,  therefore,  investigates  the  ORR  on  such 
NiMnOx/C  electrocatalysts  in  the  presence  or  absence  of  BH4  in  the 
alkaline  solution.  Their  activity  toward  the  borohydride  oxidation 
reaction  (BOR)  was  studied  by  comparing  the  ORR  polarization 
plots  with/without  NaBH4  in  solution.  Also,  it  was  investigated  their 
role  in  the  heterogeneous  hydrolysis  of  BH4  using  a  technique 
enabling  the  direct  quantification  of  H2  resulting  from  that  catalytic 
reaction,  namely,  on-line  differential  electrochemical  mass  spec¬ 
trometry  (DEMS).  The  so-obtained  sets  of  data  enabled  the  study  of 
the  BH4  tolerance  of  this  family  of  NiMnOx/C  materials  when  used 
for  the  ORR  in  alkaline  solutions  containing  NaBH4. 


2.  Experimental  procedures 

2.1.  Synthesis  and  physicochemical  characterizations  ofMnOx/C- 
based  catalysts 

The  carbon-supported  nickel-doped  nanometric  manganese 
oxides  (NiMnOx/C,  C  =  M1000  (Monarch  1000  -  Cabot),  MM225 
and  E350  (both  from  Timcal))  were  prepared  by  a  mild  hydro- 
thermal  treatment  first  described  by  Bezdicka  et  al.  [15].  The  as- 
obtained  electrocatalysts  were  thoroughly  characterized  in 
a  previous  paper  [21  ].  For  clarity,  their  physicochemical  properties 
are  summarized  in  Table  1. 

2.2.  Electrocatalytic  activity  of  the  carbon-supported  Ni-doped 
MnOx/C-based  for  the  ORR 

The  working  electrodes  for  the  electrocatalytic  tests  of  the  ORR 
were  formed  by  ultra  thin-layer  deposits  of  the  catalysts  onto 
a  glassy  carbon  disk  (0  =  5  mm,  A  =  0.196  cm2)  inserted  in  a  Teflon 
cylinder  cup  of  a  rotating  disk  electrode  (RDE)  (Pine  Instruments) 
[22],  For  the  preparation  of  these  catalytic  layers,  a  suspension 
composed  of  2.0  mg  of  the  MnOx/C  or  NiMnOx/C  powders,  1.0  mL 
isopropyl  alcohol,  and  20  pL  of  Nafion  5.0  wt.%  was  used.  After 
ultrasonic  homogenization,  20  pL  drop  of  the  ink  was  deposited  on 
the  glassy  carbon  electrode,  and  the  solvent  was  evaporated  at 
room  temperature.  All  solutions  were  prepared  with  (18.2  MQ  cm, 
<5  ppb  Total  Organic  Carbon)  ultra-pure  water  (Millipore, 
Elix  +  Milli-Q  gradient)  and  1.0  mol  L-1  sodium  hydroxide  (99.99%, 
Aldrich)  containing  or  not  10-3  mol  L  1  sodium  borohydride 
(Merck,  Suprapur). 

The  electrochemical  experiments  were  conducted  using 
a  PGSTAT  20  potentiostat  (Autolab)  in  a  conventional  three- 
electrode  cell,  and  in  1.0  mol  L-1  NaOH  electrolyte.  A  gold  foil 
was  used  as  the  counter  electrode.  The  use  of  gold  electrode 
prevents  the  strong  borohydride  hydrolysis  that  would  result  from 
the  use  of  platinum  electrodes  in  the  open  circuit  potential  [7,9,23]. 
The  reference  was  Hg/HgO/OH_  in  1.0  mol  L  1  NaOH. 

Blank  currents  of  the  NiMnOx/C  materials  were  obtained  by 
cyclic  voltammetry  (CV)  in  the  range  -0.88  to  0.5  V  vs.  Hg/HgO/ 
OH-  (5.0  mV  s-1,  in  the  presence  and  absence  of  10”3  mol  L  1 
NaBH4),  carried  out  after  degassing  the  solution  with  argon.  Oxygen 
reduction  voltammetry  experiments  were  performed  after  oxygen 
saturation  of  the  electrolyte  (containing  or  not  10-3  mol  L-1  sodium 
borohydride)  during  40  min.  The  oxygen  concentration  was  kept 
constant  at  its  saturation  value  by  gentle  but  permanent  02- 
bubbling  in  solution  during  the  measurements.  Quasi-steady-state 
ORR  voltammograms  were  recorded  at  5.0  mV  s_1  from  0.5 
to  -0.88  V  vs.  Hg/HgO/OH_  for  RDE  rotation  speeds  in  the  range  of 
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2-Theta  /  degree 


Fig.  1.  Examples  of  X-ray  diffraction  (Fe  Ka  radiation)  patterns  for  representative 
materials:  MnO*  supported  on  M1000,  E350,  and  MM225  carbons  with  different  Ni 


100—2500  rpm.  Prior  to  each  experiment,  the  potential  was  kept  for 
2  min  at  the  starting  potential  of  0.5  V  vs.  Hg/HgO/OH-,  to  ensure 
an  identical  initial  state  of  surface  for  the  NiMnOx/C  materials  in  all 
experiments. 

2.3.  Differential  electrochemical  mass  spectrometry  (OEMS) 

DEMS  measurements  were  performed  with  a  Pfeiffer-Vacuum 
QMA  200  quadrupole  mass  spectrometer  using  a  setup  consisting 
of  two  differentially  pumping  chambers.  Details  of  this  method  are 
given  elsewhere  [24,25],  The  method  allows  the  on-line  detection 
of  volatile  and  gaseous  products  of  electrochemical  reactions 
during  the  application  of  a  potential  scan.  In  a  typical  DEMS 
experiment,  the  current  vs.  potential  curves  are  recorded  simulta¬ 
neously  with  the  mass  intensity  vs.  potential  curves,  for  selected 
values  of  m/z  (mass/charge)  ionic  signals. 

The  working  electrodes  (WE)  for  the  DEMS  measurements  were 
prepared  by  pipetting  and  drying  60  pL  of  the  different  Ni-doped 
MnOx-based  catalyst  aqueous  suspension  of  2  mg  mL  ',  and  then, 
20  pL  aqueous  Nafion  solution  in  the  center  of  a  glassy  carbon  disk 
(9  mm  in  diameter). 

The  glassy  carbon  electrode  was  mounted  into  a  dual  thin-layer 
flow  cell  (“wall-jet”  geometry)  [22,26]  and  pressed  against  a  ca. 
50  pm  thick  Teflon  spacer,  resulting  in  an  exposed  area  of  0.28  cm2 
and  an  electrolyte  volume  of  ca.  5  pL.  In  present  configuration,  the 
electrolyte  flow  was  driven  by  the  hydrostatic  pressure  in  the 
supply  bottle  (flow  rate  of  ca.  10—15  pL  s-1)  first  entering  in  the 
thin-layer  compartment  in  front  of  the  electrode  (“wall-jet” 
geometry)  and  then  flowing  through  one  of  four  capillaries  into  the 
lower  compartment  (“detection  cell”),  where  volatile  products  can 
reach  the  porous  Teflon  membrane  (Gore-Tex®  PTFE  —  thickness  of 
50  pm  and  pore  size  of  0.02  pm).  The  DEMS  measurements  were 
performed  for  m/z  =  2  (the  H2  signature)  and  piloted  by  the 
Quadstar  software  (Pfeiffer-Vacuum). 

The  WE  was  connected  to  the  potentiostat  via  a  gold  current 
collector.  It  is  wise  to  point  here  that  there  was  no  contact  between 
the  gold  wire  and  the  solution,  so  the  gold  wire  did  not  promote  any 
heterogeneous  hydrolysis  of  NaBFU  [8].  The  counter  electrode  was 


formed  by  two  Au  wires  at  the  inlet  and  outlet  of  the  thin-layer  cell, 
connected  through  a  controllable  external  resistance  (500  lc  ohm), 
and  a  Hg/HgO/OH  in  the  same  electrolyte  served  as  the  reference 
electrode.  All  DEMS  measurements  were  performed  at  room 
temperature  (25  ±  2  °C)  after  degassing  the  solution  with  argon, 
using  a  PGSTAT  20  potentiostat  (Autolab)  connected  to  the  four- 
electrodes  spectroelectrochemical  cell.  Benchmark  cyclic  voltam- 
mograms  were  also  plotted  in  the  1.0  mol  IT1  NaOH  bare  electrolyte 
in  the  range  from  -0.88  to  0.5  V  vs.  Hg/HgO/OH  at  10  mV  s  '.  Prior 
to  each  voltammetric  cycle,  the  potential  was  kept  for  2  min  at  the 
starting  potential,  -0.88  V  vs.  Hg/HgO/OH-,  to  ensure  an  identical 
initial  state  of  surface  for  the  NiMnOx/C  materials,  and  to  stabilize 
the  baseline  in  the  MS  measurements. 

3.  Results  and  discussion 

3.1.  Physicochemical  characterizations  of  the  MnOJC-based 
catalysts 

Table  1  shows  a  summary  of  the  chemical/physicochemical 
properties  of  the  catalysts  obtained  previously  by  several  tech¬ 
niques  [19],  Firstly,  HRTEM  images  [19]  showed  that  the  materials 
dispersed  onto  M1000  carbon  with  a  2.0  g  Ni  load  (20  wt.%), 
MM225  and  E350  (both  with  0.2  g  Ni)  are  in  the  form  of  nano¬ 
crystalline  agglomerates,  while  catalysts  dispersed  onto  M1000 
(0.2  g  Ni)  are  in  the  form  of  highly  oriented  nanocrystalline  needles. 
Fig.  1  shows  the  XRD  profiles  for  all  materials.  For  NiMnOx/M1000 
(2.0  g  Ni)  and  NiMnOx/C  (C  =  MM225  and  E350)  0.2  g  Ni,  the 
profiles  exhibit  small  but  consistent  reflections  associated  to  Ni  and 
NiO  segregated  phases  at  28  =  48,  55,  56,  66,  82  degree  (Fe  Ka 
radiation),  while  for  the  NiMnOx/M1000  0.2  g  Ni  material  the  XRD 
spectrum  evidences  that  the  nickel  divalent  cations  were  nearly 
completely  inserted  into  the  MnOx  phase,  leaving  no  apparent  Ni  or 
NiO  segregated  phases.  These  observations  are  summarized  in 
Table  1. 

3.2.  Electrocatalytic  activity  for  the  oxygen  reduction  reaction 

Fig.  2  compares  the  polarization  behavior  of  the  MnOx/C-based 
electrocatalysts  for  the  ORR  in  the  absence  and  in  the  presence  of 
sodium  borohydride.  In  absence  of  BH4 ,  for  all  MnOx-based  elec¬ 
trocatalysts,  the  quasi-stationary  ORR  voltammograms  show  the 
classical  diffusion-convection  plateaus  observed  in  RDE  experi¬ 
ments.  In  the  present  experimental  conditions,  the  onset  of  the 
oxygen  reduction  wave  is  similar  for  all  materials,  independent  of 
the  Ni  load  and  of  the  carbon  substrate. 

As  discussed  in  previous  published  papers  [27-30],  manga¬ 
nese  oxide-containing  materials  would  reduce  oxygen  to 
peroxide  species  at  high  potential  (low  ORR  overpotential),  and 
this  is  followed  by  heterogeneous  catalytic  chemical  dispropor¬ 
tionation  reaction  of  HOj.  The  extent  of  such  heterogeneous 
reaction  depends  on  the  catalyst  composition  and  morphology 
[31  ]  and  also  on  the  catalyst  load  in  the  thin  porous  coating  (tpc) 
layer.  In  this  work  the  different  limiting  current  densities 
observed  in  Fig.  2  for  the  different  catalysts  can  be  primarily 
inferred  to  the  different  loads  of  the  catalyst  powders  into  the  tpc 
layers,  which  result  in  different  residence  times  of  the  HO2 
species  inside  this  layer  thus  resulting  on  different  extension  of 
the  disproportionation  reaction. 

Fig.  2  also  displays  the  influence  of  the  nature  of  the  NiMnOx/C 
materials  (i.e.  of  their  morphology/composition  that  may  depend 
on  the  carbon  substrate  and  Ni  and  Mn  loadings)  on  the  behavior 
toward  the  ORR  in  the  presence  of  BH4.  In  all  cases,  the  limiting 
current  plateaus  are  well  defined,  except  for  materials  dispersed 
onto  E350  carbon  (Fig.  2a).  The  results  indirectly  show  that  the 
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Fig.  2.  Oxygen  reduction  reaction  (ORR)  voltammograms  (5.0  mV  s-1)  obtained  on  MnOx-based  electrocatalysts  in  the  RDE  setup,  (symbol)  in  1.0  mol  L-1  NaOH  +  10-3  mol  L-1 
NaBH4  and  (lines)  in  1.0  mol  L-1  NaOH.  Electrode  geometric  area:  0.196  cm2. 


number  of  electrons  involved  in  the  ORR  decreases  in  all  cases 
when  BH4  anions  are  present  in  the  solution.  This  means  that  the 
presence  of  BH4  ion  modifies  the  current  produced  in  the  cathode 
for  all  electrocatalysts,  and  this  effect  is  more  pronounced  for  the 
electrocatalyst  dispersed  onto  E350  carbon. 

Aiming  at  understanding  these  results,  the  BOR  was  investi¬ 
gated  in  the  absence  of  oxygen,  either  for  the  bare  carbon 
substrates  (MnOx-free)  and  for  the  MnOx-based  catalysts,  and  ob¬ 
tained  curves  are  shown  in  Figs.  3  and  4,  respectively.  In  particular 
for  NiMnOx/E350  0.2  g  Ni,  comparing  the  results  of  Figs.  2—4,  it  can 


be  clearly  noted  that  this  material  is  active  for  both  the  ORR  and  the 
BOR.  Therefore,  it  can  be  proposed  that  the  above-mentioned 
decrease  of  the  number  of  electrons  during  the  ORR  results,  into 
a  large  extent,  from  the  superposition  of  the  (negative)  ORR 
reduction  currents  with  the  (positive)  currents  related  to  the 
borohydride  oxidation.  Knowing  that  the  BH4  crossover  would  be 
nearly  unavoidable  in  an  operating  DBFC,  it  must  be  concluded  that 
this  electrocatalyst,  although  very  relevant  from  its  intrinsic  ORR 
performances  [18],  is  unusable  for  the  cathode  of  a  DBFC.  Firstly,  its 
ORR  activity  is  immensely  perturbed  by  BH4  and,  secondly,  BH4 
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Fig.  3.  Cyclic  voltammograms  plotted  at  5.0  mV  s  1  in  the  absence  of  any  02  in  solution  for  the  three  bare  carbon  substrates  in  the  presence  and  absence  of  10  3  mol  L  1  NaBH4  in 
the  1.0  mol  L_1  NaOH  supporting  electrolyte.  Electrode  geometric  area:  0.196  cm2. 


species  would  be  inevitably  consumed  in  the  cathode,  thereby 
affecting  the  Faradaic  efficiency  of  the  system.  This  special  behavior 
for  this  electrocatalyst  is  surely  related  to  its  composition  and 
morphology.  The  XRD  spectra  (Fig.  1)  showed  isolated  Ni  and  NiO 
phases,  and  Ni  is  active  for  the  borohydride  oxidation  reaction  and 
hydrolysis  [17—19],  as  will  be  explained  later.  Additionally,  the 
results  obtained  using  pure  E350  carbon  electrodes  (Fig.  3a)  also 
showed  non-negligible  activity  toward  the  BOR.  So,  it  is  likely  that 
the  increase  in  the  Faradaic  current  reported  in  Fig.  4a  also  contains 
some  contribution  of  the  E350  carbon  itself,  but  this  is  not  very 
large.  In  summary,  the  presence  of  the  Ni-containing  phases 
primarily  explains  the  inadequate  behavior  of  the  NiMnOx/E350 
0.2  g  Ni  electrocatalyst  toward  the  ORR  in  the  presence  of  BH4 . 

For  the  NiMnOx/MM225  0.2  g  Ni  electrocatalyst,  the  polari¬ 
zation  results  showed  some  decrease  in  the  values  of  the  ORR 
limiting  current  in  the  presence  of  BH4,  evidencing  a  decrease  in 
the  number  of  electrons  exchanged  during  the  oxygen  reduction. 
Figs.  3b  and  4b  clearly  indicate  the  appearance  of  anodic  currents 
related  to  borohydride  electro-oxidation.  Therefore,  the  decrease 
of  the  value  of  ORR  limiting  current  due  to  the  presence  of  BH4 
can  be  associated  to  the  non-negligible  activity  of  NiMnO*/ 
MM225  0.2  g  Ni  for  the  BOR,  although  the  possibility  of  a  change 
of  ORR  mechanism  cannot  be  excluded  (see  below).  Here  again, 
the  catalyst  behavior  with  respect  to  the  BOR  can  be  associated  to 
the  morphology  and  composition  of  the  material,  particularly  to 
the  presence  of  Ni  segregated  phases,  as  evidenced  by  XRD  [19], 
Also,  as  in  the  case  of  E350,  the  pure  MM225  carbon  support 
displays  very  little  activity  toward  the  BOR  (Fig.  3b),  showing  that 
also  in  this  case  the  activity  toward  the  BOR  of  the  NiMnOx/ 
MM225  material  may  only  be  ascribed  to  the  presence  of  the  Ni 
segregated  phases. 


The  catalysts  dispersed  onto  M1000  carbon  supports  show 
different  behaviors  regarding  the  BOR,  depending  on  the  presence  of 
Ni  in  the  MnOx/C  phase.  In  absence  of  Ni  (Mn0x/M1000,  Fig.  4c),  the 
presence  of  BH4  anions  in  solution  seems  to  reduce  part  of  the  Mn02 
phase  to  MnOOH  and,  then,  to  Mn304  which  is  electrochemically 
inactive  [32],  causing  a  reduction  of  the  CV  current,  but  no  BH4 
oxidation  currents  were  observed.  For  the  M 1000  material  containing 
0.2  g  Ni  (Fig.  4d),  the  results  also  evidence  no  oxidation  currents  for 
the  BOR,  and  the  reason  for  this  may  be  related  to  the  fact  that  the 
divalent  Ni  cation  is  completely  inserted  into  the  MnOx  crystal 
structure,  as  shown  by  XRD  (Fig.  1 ),  not  being  available  for  the  boro¬ 
hydride  adsorption.  On  the  contrary,  in  the  case  of  NiMnOx/M1000 
2.0  g  Ni  (Fig.  4e)  the  material  promotes  the  BH4  oxidation,  as  for  the 
other  materials,  and  this  seems  to  be  due  to  the  presence  of  Ni 
segregated  phases,  as  also  evidenced  by  the  XRD  spectrum. 

Surprisingly,  these  very  different  behaviors  in  the  absence  of 
oxygen  in  solution  (Fig.  4c-e)  are  not  yielding  dramatic  differences 
in  the  ORR  voltammograms  (Fig.  2c— e).  In  the  cases  of  the  elec¬ 
trocatalysts  dispersed  onto  M1000  carbons,  the  presence  of  BH4 
causes  a  decrease  of  the  values  of  the  limiting  currents  for  the  ORR 
and  just  a  small  shift  of  the  reaction  onset  potential  to  more 
negative  values.  Overall,  these  changes  seem  rather  mild  compared 
to  those  observed  when  E350  carbon  substrate  is  used,  and  express 
a  partial  tolerance  of  these  (Ni)MnOx/M1000  electrocatalysts  to 
BH4,  as  was  previously  noted  for  similar  nanostructured  (Mg) 
MnOx/C  materials  supported  on  another  type  of  carbon  black 
(Chezacarb)  [33].  Nevertheless  all  materials  that  promote  the  BH4 
oxidation,  like  NiMnOx/M1000  2.0  g  Ni  and  NiMnOx/E350  and 
MM225  0.2  g  Ni,  have  a  common  feature,  that  is,  the  BOR  onset 
potential  locates  at  ca.  -0.4  V  vs.  Hg/HgO/OH_,  expressing 
a  reasonably  large  activity  for  the  BOR. 
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Fig.  4.  Faradaic  and  ionic  currents  for  H2  formation  (m/z  =  2)  obtained  in  DEMS  experiments  during  CV  (positive-going  scan)  of  borohydride  electro-oxidation  reaction  catalyzed  by 
the  different  investigated  MnOx-based  electrocatalysts,  in  the  presence  (triangles)  and  absence  (squares)  of  1(T3  mol  L  1  NaBFLj  in  the  1.0  mol  L  1  NaOH  supporting  electrolyte.  Scan 
rate  of  5.0  mV  s'1. 
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3.3.  Reactions  and  mechanisms 

A  mechanistic  analysis  of  the  ORR  in  the  different  investigated 
catalysts  was  made  previously  in  terms  of  mass-transport- 
corrected  Tafel  plots  (E  vs.  log[ifc  =  (i  x  id) /(id  -  i)],  where  id  is  the 
diffusion  limiting  current)  [34],  The  Tafel  coefficients  for  the  ORR 
confirmed  the  rather  identical  bulk  kinetic  activity  of  the  various 
manganese  oxide-based  materials  in  absence  of  BH4  ion.  However, 
there  are  important  differences  in  the  values  of  the  Tafel  slopes, 
which  were  found  around  90  mV  dec-1  for  the  MIOOO-based 
materials  and  around  50—55  mV  dec-1  for  the  MM225  and  E350 
electrocatalysts.  These  results  would  evidence  a  very  little  partici¬ 
pation  of  the  carbon  particles  in  the  oxygen  reduction  electro¬ 
catalysis  for  the  Ml 000  carbon,  while  in  the  other  two  cases,  the 
participation  may  be  more  significant  and,  thus,  the  Tafel  slopes 
resulted  closer  to  that  of  pure  carbon  in  the  same  electrolyte 
(30  mV  dec-1)  [35].  This  observation  is  consistent  with  the  large 
surface  area  of  these  carbons  [19].  It  has  to  be  also  noted  that  the 
presence  of  different  phases  of  Mn  oxides  in  the  NiMnOx/MM225 
and  NiMnOx/E350  materials  compared  to  that  on  M1000  may  also 
be  responsible  for  the  differences  in  the  Tafel  slopes. 

As  mentioned  before,  it  is  commonly  accepted  that  all  MnOx/C- 
based  materials,  in  absence  of  BH4,  would  reduce  oxygen  with 
peroxide  formation  [19-21] 

02  +  H20  +  2e  — >H02  +  OH-  (5) 

followed  by  heterogeneous  catalytic  chemical  disproportionation 
reaction  of  H02 : 

2H02  — >02  +  20H  (6) 

However,  in  the  presence  of  the  borohydride  ions,  the  charac¬ 
terization  of  the  oxygen  reduction  reaction  mechanism  on  these 
materials  becomes  difficult.  In  order  to  better  understand  the  role 
of  the  BH4  on  the  electrocatalysis  of  this  reaction,  the  DEMS  tech¬ 
nique  was  used  to  quantify  the  H2  (m/z  =  2)  yields  coming  from  the 
borohydride  hydrolysis  (Eq.  (2))  as  a  function  of  the  electrode 
potential.  These  results  are  also  displayed  in  Fig.  4  for  all  catalysts, 
together  with  the  corresponding  anodic  CV  responses  (positive¬ 
going  scan)  in  the  absence  and  in  the  presence  of  borohydride  ions. 

The  on-line  DEMS  results  confirm  the  great  impact  of  the 
composition/morphology  of  the  various  (Ni)MnOx/C  electro¬ 
catalysts  also  on  the  hydrogen  production.  For  materials  containing 
the  Ni  segregate  phases,  which  presents  Faradaic  current  for  the 
BOR,  the  on-line  DEMS  results  clearly  evidence  the  production  of 
H2,  as  are  the  cases  of  NiMnOx/C  (C  =  E350  and  MM225)  0.2  g  Ni 
and  NiMnOx/M1000  2.0  g  Ni  catalysts  (Fig.  4a,  b  and  e).  In  these 
cases,  the  DEMS  results  exhibited  an  ion  current  signal  referred  to 
the  molecular  hydrogen  (m/z  =  2)  for  potentials  higher  than 
ca.  -0.4  V  vs.  Hg/HgO/OH-,  presenting  a  maximum  at  ca.  -0.1  V; 
after  that,  the  current  decreases  but  around  0.2  V  it  increases  again 
showing  another  peak  at  ca.  0.3— 0.4  V. 

It  is  wise  to  point  out  that  the  first  peak  of  the  m/z  =  2  signal 
coincides  with  the  onset  of  the  Faradaic  current  of  borohydride 
oxidation  (Fig.  4).  Similar  result  for  the  H2  production  during  the 
BOR  was  obtained  on  Au  [36].  So,  it  can  be  stated  that  the  H2 
formation  takes  place  according  to  the  following  steps: 

BH4  +  H20— >BH3OHad  +  H2  (7) 

Followed  by: 

BH3OHad  -BH2OHad  +  (1/2)H2  +  e-  (8) 

The  first  hydrolysis  step  may  occur  due  to  the  chemical  reduc¬ 
tion  of  the  Ni-oxide  species  back  to  metallic  Ni,  by  BH4,  producing 


BH3OH-  and  H2.  This  is  accompanied  by  the  electrochemical 
oxidation  of  the  BH3OH-  species  on  the  surface  of  metallic  Ni 
atoms,  producing  additional  H2  molecules  (Eq.  (8)),  which  is 
responsible  for  the  massive  H2  detection  during  the  DEMS 
measurements.  After  the  anodic  peak  of  the  Faradaic  oxidation  of 
borohydride  on  the  Ni-containing  active  materials,  the  Ni  atoms 
may  suffer  electro-oxidation  due  to  the  high  electrode  potential 
values.  This  is  followed  by  chemical  reduction  of  the  just  formed  Ni- 
oxides  by  the  incoming  borohydride  ions  from  the  electrolyte, 
producing  H2  molecules,  following  a  reaction  similar  to  that  pre¬ 
sented  in  Eq.  (7).  This  last  step  may  be  responsible  for  the  second 
ionic  current  peak  of  the  m/z  =  2  signal,  observed  in  Fig.  4a,  b  and  e. 
Therefore,  the  on-line  DEMS  results  confirmed  that  the  presence  of 
Ni  segregated  phase  is  crucial  for  the  electrocatalyst  activity  for  the 
BOR. 

In  summary,  the  present  results  indicate  that,  for  most  MnOx- 
based  electrocatalysts,  the  decrease  of  the  overall  ORR  activity 
arises  into  a  large  extent,  from  a  superposition  of  the  (negative) 
ORR  reduction  currents  with  the  (positive)  currents  related  to  the 
directly  borohydride  oxidation.  In  Fig.  2,  it  is  seen  that,  except  for 
NiMnOx/E350  0.2  g  Ni,  the  main  effect  of  BH4  in  the  ORR  polari¬ 
zation  curves  is  a  lowering  of  the  limiting  currents.  So,  in  these 
cases,  one  can  argue  that  the  actual  02  concentration  in  the  thin 
porous  coating  layer  may  be  lowered  because  of  its  chemical 
catalytic  reduction  by  the  borohydride  and/or  hydrogen  species 
generated  by  the  hydrolysis,  promoted  at  the  catalyst  surface. 
Another  possibility  is  that  the  H02  disproportionation  reaction  (Eq. 
(6))  may  be  disturbed  because  of  a  possible  reaction  of  H02  with 
BH4  or  H2. 

4.  Conclusions 

It  was  studied  the  selectivity  for  oxygen  reduction  reaction  in 
the  presence  of  sodium  borohydride  in  alkaline  medium  for  various 
electrocatalysts  materials.  Overall,  the  present  results  demonstrate 
the  great  impact  of  the  morphology/composition  of  the  NiMnOx/C 
materials  on  the  ORR  in  the  presence  of  BH4  ion.  The  results  seem 
to  show  that  the  presence  of  Ni  segregate  phase  contributes  to  the 
BOR  and  the  heterogeneous  hydrolysis  of  BH4,  because  nickel 
intrinsically  possesses  non-negligible  activity  toward  these  reac¬ 
tions.  In  addition,  (Ni)MnOx  electrocatalysts  dispersed  onto  E350 
and  MM225  carbons  are  not  tolerant  to  the  presence  of  BH4,  but 
this  is  much  less  important  for  the  MM225  than  for  the  E350 
substrate:  therefore,  none  of  these  materials  are  good  catalysts  for 
the  DBFC  cathode.  On  the  contrary,  materials  dispersed  onto  M1000 
carbon  seem  tolerant  to  the  presence  of  NaBH4  when  the 
“composition”  of  the  NiMnOx  particles  is  relevantly  chosen  (i.e. 
without  Ni  segregated  phase  —  (Ni)MnOx  0.2  g  Ni);  then,  this 
catalysts  may  be  an  alternative  to  be  used  at  the  cathode  of  a  direct 
borohydride  fuel  cell. 
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